Interferon regulatory factor (IRF) 4 is the lymphoid-specific transcription factor that is required for the proliferation of mitogen-activated T cells. IRF4 has been suggested to be involved in tumorigenesis because the overexpression of IRF4 caused the transformation of Rat-1 fibroblasts in vitro. Here, we show that IRF4 is constitutively expressed in adult T-cell leukemia (ATL)-derived cell lines, which were infected with human T-cell leukemia virus type-I, but hardly expressed the trans-activator protein, Tax. Similarly, constitutive expression of IRF4 was demonstrated in freshly isolated peripheral blood mononuclear cells (PBMC) from patients with either acute or chronic ATL. However, the high-level expression of IRF4 was specifically associated with acute ATL. With mitogen-activated PBMC from healthy donors, cell cycle analyses revealed that the induction of IRF4 occurred prior to cell cycle progression and the cells that had entered the cell cycle were predominantly IRF4-positive cells. In addition, ectopic expression of IRF4 in Rat-1 fibroblasts increased the S and G2/M phase population significantly. Taken together, our results indicate that IRF4 is involved in the pathogenesis of ATL through its positive effect on the cell cycle, and that IRF4 can be used as a molecular marker of clinical subtype in ATL.
Adult T-cell leukemia (ATL) is a peripheral T cell malignancy caused by human T-cell leukemia virus type-I (HTLV-I). 1, 2) The disease is usually classified into four clinical subtypes: acute, lymphoma, chronic, and smoldering types.
3) Chronic and smoldering-type patients have an indolent clinical course, whereas in acute and lymphomatype patients, the prognosis is very poor. Thus, diagnosis of the latter two types usually becomes an indication for intensive chemotherapy. However, the differential diagnostic criteria of the subtypes of ATL are based on clinical parameters, such as serum lactic dehydrogenase activity, serum calcium level, and invasion of ATL cells to the visceral organs.
3) There is no diagnostic molecular marker available at present, that is directly involved in the pathogenesis of ATL.
The development of leukemia in HTLV-I-infected individuals is preceded by a long latent period of 40 to 50 years. In addition, only about 5% of HTLV-I carriers develop ATL. Thus, multistep oncogenic processes have been predicted to be involved in the development of the full malignant phenotype in HTLV-I infected cells. 4) There is increasing evidence that the viral trans-activating protein Tax plays a crucial role in cellular transformation. Indeed, Tax transforms fibroblast-derived cells and immortalizes primary human T cells in vitro in the presence of interleukin-2. [5] [6] [7] [8] However, as judged from clinical samples, the expression of Tax is rarely detected in most leukemic cells. 9, 10) It is speculated that the expression of viral proteins, including Tax, is not necessary for the proliferation of leukemic cells, but the precise mechanism of the deregulated proliferation of leukemic cells in vivo has not yet been clarified.
Interferon regulatory factor (IRF) 4 is a transcription factor whose expression is restricted to lymphoid cells. 11, 12) In peripheral T cells, only weak expression of IRF4 is detectable in the absence of stimuli. However, upon antigenreceptor-mediated stimuli, rapid and transient expression of IRF4 is induced.
11) The study of IRF4-deficient mice revealed the importance of IRF4 in T and B cell functions. In murine mature T cells, the deficiency of IRF4 almost abolished the proliferative response to mitogenic stimuli, and it was suggested that IRF4 is involved in late events after T cell activation, such as interleukin-2 production or response to the cytokine. 13) A possible relationship between IRF4 and oncogenicity was demonstrated in some patients or cell lines of multiple myeloma with the chromosomal translocation t(6;14)(p25;q32). 14, 15) In such cases, the immunoglobulin heavy-chain was juxtaposed to the IRF4 locus, and as a result, IRF4 became overexpressed. Furthermore, overexpression of IRF4 led to transformation in Rat-1 fibroblasts. 14) In human T cells, a high level of IRF4 expression was preferentially observed in HTLV-I-positive T cell lines, but not other T cell lines, and in ATL cells in lymph nodes. [16] [17] [18] Based on these observations, we intended to investigate the expression of IRF4 in ATL cells freshly isolated from patients of different clinical subtypes. Here, we firstly demonstrate that the expression of IRF4 was constitutively high in HTLV-I positive cell lines, and that this expression was not dependent on the expression level of Tax. Importantly, constitutive expression of IRF4 was observed in primary ATL cells, and high-level expression was specifically associated with the acute type of ATL. We also present evidence that IRF4 was induced prior to cell cycle progression in mitogen-activated T cells.
MATERIALS AND METHODS
Cell culture Jurkat and MOLT4 are human T cell lines. HUT102 and MT-2 are human T cell lines transformed by HTLV-I. [19] [20] [21] ST-1 and KK-1 are human T cell lines derived from ATL patients. 22) These cell lines were maintained in RPMI 1640 medium supplemented with 10% heat-inactivated fetal bovine serum (FBS), penicillin G (50 U/ml), and streptomycin (50 µg/ml) in a humidified incubator containing 5% CO 2 in air. Rat-1, 23) a rat fibroblast cell line kindly provided by Dr. K. Matsumoto (Osaka Red Cross Blood Center, Osaka), was grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% heat-inactivated FBS. Patient samples Peripheral-blood samples were drawn from ATL patients before chemotherapy or healthy volunteers, after informed consent had been obtained. The diagnosis was based on clinical features, hematological findings, and serum anti-HTLV-I antibodies. Monoclonal HTLV-I provirus integration into the chromosomal DNA of leukemic cells was confirmed by Southern blot hybridization (data not shown). Subclassification of ATL was made according to previously described criteria.
3) Mononuclear cells were obtained by density gradient separation from the peripheral blood of ATL patients. Peripheral blood mononuclear cells (PBMC) from 15 ATL patients were analyzed. Plasmids The IRF4 cDNA was cloned into the expression vector, pcDNA3 (Invitrogen, San Diego, CA), via the BamHI and EcoRI sites (pcDNA3/IRF4). Detection of IRF4 and Tax expression by reverse transcriptase-polymerase chain reaction (RT-PCR) Total RNA was extracted using the RNeasy Mini kit (QIAGEN, Hilden, Germany), according to the protocol provided by the manufacturer. The first-strand cDNA was synthesized using the RT-PCR kit (STRATAGENE) with oligo dT primers. Thereafter, the cDNA was amplified for 32, 30, and 23 cycles for IRF4, Tax, and β-actin, respectively. The oligonucleotide primers used for RT-PCR were as follows: for IRF4, sense 5′-GCA GAT GTC CAT GAG CCA CC-3′, antisense 5′-CAG GTG GCT CAG CAG CTT CT-3′, 16) for Tax, sense 5′-ATC CCG TGG AGA CTC CTC AA-3′, antisense 5′-AAC ACG TAG ACT GGG TAT CC-3′, 10) for β-actin, sense 5′-AAG AGA GGC ATC CTC ACC CT-3′, antisense 5′-TAC ATC GCT GGG GTG TTG AA-3′. Product sizes were 499 bp, 145 bp, and 218 bp, respectively. Cycling conditions were as follows: denaturing at 94°C for 60 s, annealing at 62°C for 60 s, and extension at 72°C for 60 s. The PCR products were resolved in a 2% agarose gel, visualized by ethidium bromide staining, and quantitated by NIH image analyzer. IRF4 and Tax protein detection by immunoblot analysis Approximately 5×10 6 cells were solubilized at 4°C in lysis buffer (0.5% sodium deoxycholate, 1% Nonidet P-40, 0.1% sodium dodecyl sulfate (SDS), 100 µg/ml phenylmethylsulfonyl fluoride, and 1 mM sodium orthovanadate) for 30 min at 4°C. Cellular lysates were resolved by 10% SDS-polyacrylamide gel electrophoresis and transferred to polyvinylidine difluoride membranes (Immobilon-P; Millipore Corp, Bedford, MA). The blots were incubated with the mouse anti-human IRF4 monoclonal antibody (MAb) (a kind gift from Dr. Tak W. Mak, Ontario Cancer Institute, Amgen Institute), rinsed, and incubated with horseradish peroxidase-conjugated sheep anti-mouse IgG (Amersham Life Science, Inc., Arlington Heights, IL). Proteins recognized by the antibodies were visualized using the enhanced chemiluminescence detection system (Amersham Life Science, Inc.). The same blots were reprobed with anti-Tax MAb (Lt-4) 24) or anti-Actin MAb (CHEMICON International, Inc., Temecula, CA). Flow cytometric analysis of IRF4-positive cells and cell cycle The intracellular expression of IRF4 protein was analyzed by flow cytometry in fixed and permeabilized cells. 25) Briefly, 3-5×10 5 cells were fixed with ice-cold 1% paraformaldehyde for 4 min, permeabilized with 0.2% Tween 20 at 37°C for 15 min, and then washed twice with phosphate-buffered saline (PBS) containing 2% FBS (FBS/PBS). Cells were incubated at 4°C with fluorescein isothiocyanate (FITC)-conjugated anti-human IRF4 MAb or isotype control Ab (PharMingen, San Diego, CA) for 60 min, washed and suspended in FBS/PBS, and analyzed by FACScan using the CELLQuest software (Becton Dickinson, San Jose, CA). For double-staining with antihuman IRF4 and anti-CD3, cells were pre-stained with phycoerythrin (PE)-conjugated anti-CD3 MAb (PharMingen) before fixation. RNase and propidium iodide (PI) were added to stain DNA for a two color analysis of IRF4 (FITC) and DNA (PI). For a single color analysis of DNA, cells were treated with the lysis-DNA staining solution (PBS with 0.1% Triton X, 25 µg/ml PI, and 20 µg/ml RNase). The percentage of cells in the S, G0/G1, and G2/ M phase was determined using the ModFIT software (Verity Software House, Topsham, ME).
Effect of transient IRF4 expression on the cell cycle
The IRF4 expression vector, pcDNA3/IRF4, or the control vector, pcDNA3, was co-transfected with pMACSK k (Miltenyi Biotec, Bergisch Gladbach, Germany) into Rat-1 fibroblasts using the FuGENE6 transfection reagent (Roche, Indianapolis, IN). Six hours after transfection, the serum concentration of the culture medium was reduced from 10% to 0.1% for serum starvation. Forty-eight hours after transfection, cells were harvested and double-stained with the FITC-conjugated anti-H-2K
k MAb (Miltenyi Biotec) and PI, and cell cycle analyses were performed for the H-2K
k -positive cells, as described above. Statistical analysis Statistical significance was determined by Fisher's exact probability test and Student's t test. Differences were considered to be statistically significant at P<0.05.
RESULTS

Constitutive expression of IRF4 in HTLV-I-positive T cell lines
Expression of IRF4 mRNA in several T cell lines was analyzed by RT-PCR using IRF4-specific primers (Fig. 1 ). All four of the HTLV-I-positive T cell lines examined (HUT102, MT-2, ST-1, and KK-1; lanes 3 to 6) strongly expressed IRF4 mRNA, whereas the two HTLV-I-negative T cell lines (Jurkat and MOLT4, lanes 1 and 2) did not. In the HTLV-I-positive cell lines, no significant difference was observed in the expression level of IRF4. However, the levels of Tax mRNA were quite different; it was high in the HTLV-I-transformed cell lines (HUT102 and MT-2), whereas it was extremely low in the T cell lines derived from ATL patients (ST-1 and KK-1). Thus, the expression level of IRF4 mRNA did not correlate with that of Tax mRNA, although it has been reported that Tax induced IRF4 expression. 16) To investigate the level of IRF4 protein, immunoblot analysis was performed using the IRF4-specific MAb, which can detect a single 51 kDa signal of human IRF4 only in Rat-1 fibroblasts transfected with the human IRF4-expression vector (Fig. 2A, lane 2 These results confirmed the specificity of the MAb. When the expression of IRF4 protein in the T cell lines was analyzed, the level of IRF4 protein correlated with that of IRF4 mRNA (Fig. 2B) . The Tax protein was detected in the HTLV-I transformed T cell lines (lanes 3 and 4) , but not in the ATL-derived T cell lines (lanes 5 and 6), in accordance with the mRNA profile described above and with results reported previously. 26) These data indicate that IRF4 is constitutively expressed in HTLV-I-positive T cell lines, either with or without Tax expression. Expression of IRF4 in primary ATL cells Next, we examined the expression of IRF4 in PBMC derived from ATL patients. We analyzed the samples from 15 ATL patients, 8 with acute-type ATL and 7 with chronic-type ATL. The clinical features of the patients are summarized in Table I . There were no statistically significant differences between the acute and chronic patients in white blood cell (WBC) count and the percentage of abnormal lymphocytes in WBC. No signal or only faint expression of IRF4 was detected in PBMC from healthy donors under our RT-PCR conditions (Fig. 3, lanes 1 and 2) . However, in 8 of 15 ATL cases, we could observe definite expression of IRF4 (Fig. 3, lanes 3-13, and data not shown) . Interestingly, 7 of 8 IRF4-positive samples originated from acute ATL patients (Fig. 3, lanes 8-13 , which correspond to patient No. 6-11, respectively, in Table I ). On the other hand, only one of the samples from the chronic ATL patients showed detectable IRF4 expression (Fig. 3, lane  7 , which corresponds to patient No. 5 in Table I ). Thus, IRF4 expression in PBMC correlated well with the clinical subtype of ATL (acute type versus chronic type, P<0.02). In addition, the chronic ATL patient who was positive for IRF4 (lane 7) transformed to acute-type ATL and died within 6 months after the diagnosis. When the expression of Tax mRNA was examined, no definite band could be detected in the samples from ATL patients under these experimental conditions, indicating that the expression of IRF4 is independent of the Tax level (data not shown).
To evaluate further the expression of IRF4 in ATL cells, we managed to detect intracellular IRF4 by flow cytometry. The FITC-labeled anti-IRF4 MAb efficiently stained the IRF4-positive cell line, KK-1, but not the IRF4-negative cell line, Jurkat. Moreover, Rat-1 cells expressing exogenous IRF4 could be identified (Fig. 4A) . Thus, the current flow cytometry protocol could actually distinguish IRF4-expressing cells from a mixed cell population. We then examined PBMC from ATL patients by this method. In acute ATL samples, CD3-positive T cells were strongly labeled with the anti-IRF4-FITC, whereas the extent of labeling in T cells from chronic ATL patients was weak, like that of healthy donors (Fig. 4B . Samples from patient No. 2, 13, 14, and 15 in Table I , were analyzed). In these samples from ATL patients, more than 90% of the lymphocytes were morphologically diagnosed as abnormal (data not shown). These results indicate that an anomaly in the expression of IRF4 may be a characteristic associated with acute-type ATL cells. Mitogenic activation induces IRF4 expression prior to cell cycle progression in PBMC To evaluate the role of IRF4 in human peripheral T cells, we examined the relationship between IRF4 induction and cell cycle progression in mitogen-activated PBMC, by flow cytometric 4 5 6 7 8 9 10 11 12 13 14 15 analysis. When PBMC were treated with a T cell mitogen, concanavalin A (ConA), expression of IRF4 was induced by 1 day after stimulation. At the time, most of the cells, including the IRF4-positive cells, remained in the G0/G1 phase (Fig. 5B) . On day 2, the S-G2/M transition could be detected in ConA-stimulated cells. Interestingly, most of the cells in the S-G2/M phase were positive for IRF4 staining (Fig. 5C ). These data clearly showed that upon ConA-stimulation, IRF4 was induced in PBMC prior to cell proliferation, and that these IRF4-positive cells predominantly cycled into the S-G2/M phase. Ectopic expression of IRF4 increases the S and G2/M phase populations in Rat-1 fibroblasts To examine the correlation of IRF4 expression with cell cycle progression, cell cycle analyses were performed in cells transiently expressing IRF4. We used Rat-1 fibroblasts in this assay, because they can be transformed by IRF4 in vitro.
14) The S and G2-M phase populations increased in Rat-1 cells transfected with the IRF4-expression vector, as compared with those transfected with the empty control vector (Table II) . These data indicate that IRF4 may have a positive effect on cell cycle progression and suggest that this effect may be associated with the oncogenic potential of IRF4.
DISCUSSION
ATL is a fatal T-cell malignancy caused by HTLV-I. It is widely accepted that studies of HTLV-I-transformed cell lines have provided valuable information about the molecular mechanism of this malignant phenotype. However, HTLV-I-transformed cell lines have usually been established in vitro by cocultivation of target cells with irradiated cells producing HTLV-I, and consequently, these cell lines do not represent the original ATL cells. Indeed, Tax, a potent transactivator protein in many biological settings, is not expressed in clinically isolated ATL cells. 9, 10) MT-2, which distinctly expresses Tax (Figs. 1 and 2B) , was established by in vitro transformation of normal T cells with HTLV-I. 20) HUT102, which strongly expresses Tax ( Figs. 1 and 2B) , was established from a patient diagnosed with mycosis fungoides, although its clonal origin was not examined. 19, 21) On the other hand, the ST-1 and KK-1 cell lines, whose origins were confirmed as ATL cells by a Southern blot analysis, 22) express only low levels of Tax (Figs. 1 and 2B) . Therefore it is possible that the gene expressions of leukemic cells of ATL patients are free from Tax transactivation, especially after malignant cell transformation, which emphasizes the importance of an oncogenic factor(s) whose expression is independent of Tax.
It has been reported that IRF4 is expressed in HTLV-Ipositive T cell lines, 16) and that the viral protein Tax might induce the expression of IRF4. 16, 27, 28) When we studied the MT-2 and HUT102 cell lines, the IRF4 levels appeared to be proportional to the level of Tax expression. However, when we studied ATL-derived cell lines or clinically isolated samples, IRF4 was still strongly expressed, irrespective of the fact that Tax expression was below the detectable level (Figs. 1, 2B , and data not shown). A recent report suggested the existence of a Tax-responsive element in a 1.2 kb region of the human IRF4 promoter. 28) However, we could not detect any regions responding specifically in HUT102, as compared with Jurkat, an HTLV-I-negative cell line, in our preliminary study using the promoter region of human IRF4 up to about −4700 base pairs from the putative transcription start site (data not shown). Although we could not exclude the possibility that an undetectable amount of Tax is sufficient to induce IRF4 and/or a Tax-responsive element resides outside the region we studied, it seems reasonable to speculate that Tax is not directly involved in the constitutive expression of IRF4 in HTLV-I-infected cells. It was reported that c-Rel, a component of nuclear factor (NF)-κB, regulates IRF4 expression in mice. 27) However, two putative NF-κB binding sites, between −1733 and −1724 or −686 and −677, reported in the mouse IRF4 promoter, are not conserved in the human IRF4 gene promoter (data not shown). In addition, p50 and p65, but not c-Rel, were shown to be activated components of NF-κB in primary ATL cells. 29) Furthermore, it was reported that NF-κB subunits, including combinations of p50, p65, and c-Rel, failed to stimulate the human IRF4 promoter, 28) suggesting that a factor(s) other than NF-κB is involved in IRF4 induction.
In the present study, we demonstrated preferential IRF4 expression in acute-type ATL cells, rather than in the chronic type. IRF4 was reported to cause transformation of Rat-1 fibroblasts in vitro. 14) On the other hand, IRF4-transgenic mice, in which the expression of IRF4 was restricted to lymphoid tissue, did not develop T cell leukemia/lymphoma, 30) indicating that IRF4 alone is not sufficient for developing T cell leukemia/lymphoma. In view of these observations, we speculate that IRF4 is required for the progression, rather than the initiation, of ATL. Alternatively, it is also possible that ATL cells simply represent activated T lymphocytes in which IRF4 is concurrently expressed. Indeed, the constitutive expression of IRF4 was observed in anaplastic large cell lymphoma, another T cell malignancy derived from activated T cells. 17) To clarify this issue, we examined the proliferative role of IRF4 in human PBMC. We firstly established a flow cytometric protocol to analyze the intracellular expression of IRF4 together with other parameters, such as cell surface markers or DNA content. With this flow cytometric analysis, we could clearly demonstrate that IRF4 was induced prior to cell cycle progression, and that the IRF4-positive cells predominantly entered the cell cycle through the S-G2/M phase, when PBMC were treated with a T cell mitogen (Fig. 5) . The ectopic expression of IRF4 increased the S-G2/M phase population in Rat-1 fibroblasts, further supporting the notion that IRF4 functions as a positive regulator of cell cycle progression (Table II) . In addition, our preliminary study revealed that the inhibition of IRF4 by the transduction of a truncated form of IRF4 protein, with a possible dominant negative activity, reduced the S phase population significantly. This cell cycle inhibition was remarkable but incomplete, probably because the amount of transduced mutant IRF4 protein was not enough to compete with the endogenous IRF4 and/or some subset of T cells could proceed through the cell cycle without IRF4, as seen in IRF4-deficient mice. 13) Regarding HTLV-I associated leukemogenesis, the involvement of several cell cycle-related genes has been suggested. [31] [32] [33] Deletion of the genes encoding the cyclindependent kinase inhibitors p15INK4B and/or p16INK4A, and repressed expression of the p16INK4A gene by methylation, were found in ATL and correlated with the ATL subtype. [34] [35] [36] In addition, the deletion of p15INK4B and/ or p16INK4A during disease progression was also reported in ATL. 34) Another tumor suppressor gene, p53, is also known to be involved in cell cycle regulation. 37, 38) It was reported that mutations of p53 were detected in some ATL cells, and that the occurrence of these mutations was correlated with disease progression. 39, 40) Hence, the deregulation of cell cycle-related factors may be an important event in the late phase of ATL leukemogenesis. In our study, the constitutively high-level expression of IRF4 was specifically observed in most of the acute-type ATL patients, and flow cytometric analysis revealed that IRF4 was positive in a part of the leukemic cells. This implied the heterogeneous nature of ATL cells, and cells positive for IRF4 might represent an aggressive proliferative population of ATL cells, as suggested by Falini et al. 17) Intriguingly, a patient once diagnosed with chronic-type ATL, but expressing a high level of IRF4, proceeded to leukemic crisis months later, suggesting IRF4 involvement in the late stage of ATL. Although the relationship between the above-mentioned cell cycle regulators and IRF4 in leukemogenesis remains to be elucidated, some members of the IRF family were found to be involved in cell cycle regulation through the expression of the cognate down-stream genes. [41] [42] [43] [44] [45] [46] [47] A full understanding of the mechanism(s) by which IRF4 participates in the regulation of the cell cycle will help us to know the role of IRF4 in leukemogenesis and may allow us to identify new therapeutic targets.
